ABSTRACT Viscosity values of albumen reported in the literature are difficult to compare because different shear rates and different methods of sample preparation have been adopted. Therefore, we first investigated the effect of shear rate on the viscosity measurements of thick albumen. For intact albumen, a large intersample fluctuation in viscosity with increasing shear rate was observed. Furthermore, a large hysteresis effect was observed, indicating that the structural properties were substantially altered by the rotational behavior of the rotor. From this, we concluded that to obtain reliable measurements, the albumen needed to be mixed. After mixing, a smooth evolution in viscosity with increasing shear rate was observed. Compared with intact albumen, the hysteresis effect was smaller but still present. We next investigated the correlation between albumen viscosity and Haugh units. For this, we compared the viscosity of fresh eggs with the viscosity of eggs stored for 24 d at a temperature of 18°C. The Haugh units were first determined, and the viscosity was next determined on mixed albumen at a shear rate of 200 rad/s. Mean viscosity equaled 0.0304 and 0.0181 Pa/s for fresh eggs and eggs stored for 24 d, respectively. The decrease in viscosity during storage was significant (α = 0.05). Furthermore, we observed that the correlation between Haugh units and viscosity measured on the same egg was low. Fresh eggs having comparable Haugh units differed substantially in their measured viscosities, whereas for stored eggs, the Haugh units differed substantially but the viscosities were comparable. It is unlikely that the very large variation in rheological properties observed among fresh eggs reflects the natural variation in albumen freshness present after lay. Results suggest that these differences were partly due to the structural changes caused by albumen sampling and by the turning motion of the rotor. We conclude that determination of the rheological properties of albumen is practically infeasible and that albumen viscosity cannot be used as an index for albumen freshness.
INTRODUCTION
The viscosity of the albumen is an important quality variable because it is related to the functional characteristics of the albumen, such as its whipping, emulsifying, and gelling properties, among others. Viscosity is defined as the tangential stress on a fluid undergoing flow divided by its velocity gradient and is related to the extent to which a fluid resists a tendency to flow. Egg albumen consists of both thick and thin albumen. Approximately half the albumen of a freshly laid egg consists of a gel, that is, thick albumen that is interposed between 2 liquid fractions, the outer thin and inner thin albumen (Allcroft, 1964) . The thick and thin albumen have very different rheological properties. Consequently, a choice needs to be made between measuring viscosity on either the thin or thick albumen. Because the quantity of thin albumen for fresh eggs is limited, viscosity measurements on thin albumen are not always feasible. Moreover, thin albumen has a viscosity comparable with water (B. J. Kemps, unpublished results) and few changes are to be expected in the rheological properties of thin albumen during storage. Therefore, in the current study, the viscosity measurements were performed on thick albumen.
Few authors have performed viscosity measurements on albumen. The rheology of whole egg albumen was first studied by Tung et al. (1970) . The authors reported a non-Newtonian behavior: that the apparent viscosity was not constant over a range of shear rates. Because of the different shear rates adopted by different researchers, viscosity values reported in the literature are difficult to compare. Moreover, different methods of sample preparation have been performed, making a comparison of viscosities even more difficult. For example, Pitsilis et al. (1975) , found a viscosity of 7 × 10 −3 Pa/s for fresh albumen at a shear rate of 36.7/s, whereas Lucisano et al. (1996) found a viscosity of 19 × 10 −3 Pa/s at the same shear rate. In the experiment by Pitsilis et al. (1975) , the authors pooled the albumen of 10 eggs and mixed it using a blender speed of 6,000 rpm for 45 s, whereas Lucisano et al. (1996) pooled the albumen of 4 eggs and homogenized the samples at 2,000 rpm for 10 s. The less severe mixing performed by Lucisano et al. (1996) is a plausible explanation for the greater viscosity observed by these researchers.
The rheological behavior of fresh albumen is often described as a function of time of measurement, shear rate, and temperature (Tung et al., 1970 , Pitsilis et al., 1984 . However, very few studies have been concerned with modifications of the rheological behavior of albumen during storage. Tung et al. (1970) investigated the rheology of the albumen based on a flow behavior index (n) and a consistency index (K). For that study, the flow behavior data were fitted to the following power law: η = 100 · K · γ n−1 , where η is the apparent viscosity (cP), γ is the shear rate (per s), K is the consistency index (−), and n is the flow behavior index (−).
On the basis of the fitted data, Tung et al. (1970) described a decrease in the albumen consistency index from 0.19 to 0.16 Pa/s for eggs stored at 20°C for 2 to 4 wk, but they found no variation in the flow behavior index caused by storage. Lucisano et al. (1996) , on the other hand, reported an increase in the flow behavior index during storage. Nau (F. Nau, Département agroalimentaire, Agrocampus, Saint Brieuc, France, personal communication) studied modifications of the rheological behavior of thick albumen during storage. In that work, thick albumen was separated from thin albumen by using a coarse sieve. Measurements were performed at d 1, 2, 3, and 7 of storage. The results showed that the viscosity of the thick albumen did not change significantly during the first week of storage. Rossi (M. Rossi, Biblioteca del Dipartimento di Scienze e tecnologie alimentari e microbiologiche, University of Milan, Milan, Italy, personal communication) measured the viscosity of whole albumen that had been pooled from 4 eggs and mixed for 10 s at 2,000 rpm with a Sorvall Omni-mixer (Du Pont, Newtown, CT). She observed a reduction in whole albumen viscosity during storage.
It should be noted that the above-mentioned authors pretreated the albumen by mixing. An insurmountable disadvantage of mixing is that the structural integrity is damaged, and this is exactly the property of interest. Therefore, one aim of the current work was to investigate whether viscosity measurements could be performed on intact albumen. A second aim was to investigate the correlation between viscosity and Haugh units. At present, the Haugh unit is generally accepted as the main indicator of albumen freshness. Although this variable is considered the standard method of determining egg freshness in the poultry industry (Williams, 1992) , it has been criticized by many authors (Nestor and Jaap, 1963; Kidwell et al., 1964; Silversides and Villeneuve, 1994 ). An important criticism concerns the adjustment for egg weight.
MATERIALS AND METHODS
The albumen investigated in this work originated from eggs from a Bovans flock. At the time of lay, the birds were 57 wk of age. Eggs were collected from the poultry house during the spring of 2006. A rate-controlled rheometer (Rheolyst, type AR-1000-N, TA Instruments, New Castle, DE) was used to determine the viscosity of albumen samples. A concentric cylinder setup was used, as described in the literature (Pitsilis et al., 1975; Lucisano et al., 1996) . For viscosity measurements, 10 mL of albumen was poured into a cup with a diameter of 30 mm. The rotor, with a diameter of 20 mm, was inserted into the albumen until a fixed gap distance (3 mm) was reached between the bottom of the cup and the rotor. Albumen viscosity was determined at 20°C. First, the effect of shear rate on the viscosity measurements of fresh albumen was investigated. Measurements were performed on both intact and mixed albumen. Finally, an experiment was performed to investigate the correlation between this variable and viscosity.
Intact Fresh Albumen
For 10 fresh eggs, the thick albumen was manually separated from the thin albumen. For each egg, 10 mL of thick albumen was poured into the 30-mm-diameter cup. A range of shear rates were applied on each sample. First, the shear rate of the rotor was increased from 20 to 200 rad/s over 2 min. Thereafter, the shear rate was decreased from 200 to 20 rad/s during the same period. Viscosity was registered every 5 s.
Mixed Fresh Albumen
For 10 fresh eggs, the thick albumen was manually separated from the thin albumen. The thick albumen was homogenized as described by Lucisano et al. (1996) ; that is, thick albumen was mixed at 2,000 rpm (Sorvall Omni-mixer) for 10 s. The shear rates applied were similar to those described for intact fresh albumen.
Influence of Storage
The viscosity of fresh eggs was compared with the viscosity of eggs stored for 24 d at a temperature of 18°C. For both fresh and stored eggs, Haugh units were determined on 10 eggs. Thereafter, the viscosity was determined on mixed albumen at a shear rate of 200 rad/s. Figure 1 shows the evolution in viscosity with increasing shear rate for intact fresh albumen. A very irregular pattern was observed, especially at low shear rates. It is unlikely that this large intersample fluctuation in viscosity with increasing shear rate represented true differences in viscosity. Figure 2 shows the mean evolution for both increasing and decreasing shear rates and indicates that the viscosity of the albumen not only depended on the present shear rate but also on its previous history, a phenomenon called hysteresis. The large hysteresis effect illustrated in Figure 2 indicates that the structural properties were significantly altered by the rotational behavior of the rotor. From the above findings, we concluded that measurements on intact albumen could not be performed rigorously. Therefore, in the next step, the albumen of fresh eggs was mixed to obtain a more homogeneous substance. Figure 3 shows the evolution in viscosity with increasing shear rate for mixed fresh albumen. First, note that the viscosity values obtained were substantially lower than the values obtained in the fresh albumen. As mentioned, mixing the albumen partially destroys the physical properties of the albumen. Although lower viscosity values were obtained after mixing, the variability in viscosity between samples was still substantial. For the majority of samples, a smooth evolution was observed with increasing shear rate. Exceptions were samples with a relatively high viscosity. For intact albumen, the viscosity declined with increasing shear rate. Figure 4 shows the mean viscosity measured during the periods when the shear rate increased and when the shear rate decreased. Compared with intact albumen, the hysteresis effect was smaller but still present, indicating that structural properties of the mixed albumen were further altered during measurement.
RESULTS

Intact Fresh Albumen
Mixed Fresh Albumen
Because the repeatability of measurements was greater after mixing, the effect of storage was investigated on mixed albumen. Rossi (M. Rossi, Department of Food Science and Technology, University of Milan, Milan, Italy, personal communication) used a similar procedure, in which viscosity was measured at a shear rate of 200 rad/s and albumen samples were prepared by mixing. For comparison, we adapted the same protocol in our next investigation.
Influence of Storage
The mean viscosity values were 0.0304 and 0.0181 Pa/s for fresh eggs and eggs stored for 24 d, respectively. The decrease in viscosity during storage was significant (α = 0.05), confirming earlier results obtained by Rossi (Department of Food Science and Technology, University of Milan, Milan, Italy, unpublished data). Figure 5 shows the variation in both viscosity and Haugh units for eggs stored for different times. A striking difference was observed between the variances for Haugh units and viscosity. For Haugh units, the variation was considerably greater for stored eggs than for fresh eggs, whereas the opposite pattern was observed for viscosity. This observation indicated that the correlation between Haugh units and viscosity was unlikely to be high.
The relationship between viscosity measured after mixing and Haugh units is depicted in Figure 6 . This figure indicates that the correlation between Haugh units and viscosity measured on the same egg was indeed low. Fresh eggs having comparable Haugh units differ substantially in their measured viscosities, whereas in stored eggs, the Haugh units differ substantially but the viscosities are comparable. These observations indicate that, in fact, the 2 variables reflect distinct properties. It is unlikely that the very large variation in rheological properties observed among fresh eggs reflects the natural variation in albumen freshness present after lay. We suggest that these differences were partly due to the structural changes caused by the albumen sampling procedures.
DISCUSSION
The viscosity measurements indicate that although intact thick albumen appears to be homogeneous, it displays heterogeneous rheological properties. Brooks and Hale (1959) stated that to the naked eye, the thick albumen appears to consist of a transparent phase separated by a series of translucent bands. Microscopically, a band can be seen as a stratum of closely packed, parallel fibers or sheets, with few fibers observable between bands. Moreover, Romanoff and Romanoff (1949) reported that the thick albumen is held together by these microscopic fibers and that the transparent phase is a liquid resembling the thin albumen.
This background information leads to a plausible explanation for the very irregular pattern observed for the viscosities determined in intact albumen. The observed hysteresis effect suggests that the turning motion of the rotor forced the albumen that resembles the thin albumen out of the translucent bands. As Brooks and Hale (1959) mentioned, this process naturally occurs during the storage of eggs. Therefore, it can be assumed that the viscosity determined for intact albumen mainly reflects the way in which the rheological structure of the albumen is altered by the motion of the rotor, rather than being a reliable measure of viscosity. This has not been reported in the past, but surely other authors must have encountered the same problems in measuring the rheological properties of the albumen because they all mixed the samples to achieve a homogeneous structure.
Like Rossi (Department of Food Science and Technology, University of Milan, Milan, Italy, unpublished data), we found a significant difference in viscosity between the mixed albumen of stored and fresh eggs. Inspection of the correlation between the measured viscosity and Haugh units indicated that these variables were not correlated. Discussions with other researchers who have recently tried to assess the viscosity of the albumen (F. Nau, Département agroalimentaire, Agrocampus, Saint Brieuc, France, personal communication; M. Rossi, Department of Food Science and Technology, University of Milan, Milan, Italy) have led us to the conclusion that determination of the rheological properties of albumen is practically infeasible. We therefore conclude that a viscosity measurement of the albumen cannot be used as index for albumen freshness.
